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Li7La3Zr2O12 (LLZO) is a promising solid electrolyte for all-solid-state lithium-ion batteries.
Some studies on LLZO synthesis have been conducted without considering the crystal
structure of ZrO2 as the main precursor. In this research, different-precursors have been
used for LLZO synthesis which was a monoclinic ZrO2 powder (m-ZrO2) and tetragonal ZrO2
powder (t-ZrO2). The reaction was conducted at 950 C 6 h and followed by sintering at
1000 C 6 h under Argon gas flow. The result shows that LLZO made from m-ZrO2 (LLZO(A))
and t-ZrO2 (LLZO(B)) contains t-LLZO and c-LLZO which is surprisingly having a similar c/t
ratio of 0.124e0.125. The LLZO(A) and LLZO(B) provide a silver blocking ionic conductivity of
1.245 x 106 Scm1 and 1.647 x 106 Scm1, respectively. In addition, LLZO(B) provides lower
specific resistance than LLZO(A) in between LiCoO2 and meso-carbon microbeads (mcmb)
electrodes. CV analysis of the symmetrical Li-LLZO(B)eLi cell shows an electrochemical
potential of 3.3 V (vs Li/Liþ) oxidation and 3.4 V reduction (vs Li/Liþ). A time-based Galva-
nostatic chargeedischarge to Li-LLZO(B)eLi shows a capacity drop after the 1st 40 cycles
from 0.0383C/cm2 into 0.0303C/cm2 during the 2nd 40 cycles, and it remains stable up to
120 cycles. It confirms the long-term electrochemical stability of LLZO(B) which was pro-
duced from t-ZrO2. The solid-state reaction method provides less expensive production
and environmentally friendly by the absence of organic solvent.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY license (http://creativecommons.org/licenses/by/4.0/).Rahmawati).
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In a Lithium-Ion Battery (LIBs), the electrolyte has a significant
role to determines the stability, energy density, cycle life, and
energy capacity of the battery. Within the electrolyte, Liþ ions
migrate in between anodeecathode [1,2]. The disadvantage of
liquid electrolyte including vaporization, unstable at high
temperature causing an explosion, and low cycle life [3] has
driven the development of solid electrolyte. LIB with solid
electrolyte or it is known as an all-solid-state lithium-ion
battery (ASS LIB) has high thermal stability and low risk of
explosion [4]. The solid electrolyte must have high Liþ con-
ductivity at least 1  104 Scm1 with a low activation energy
of Liþ diffusion, be reliable for mass-production with a simple
method, and have inexpensive precursors for its synthesis [5].
The Li7La3Zr2O12 (LLZO) is known as the best electrolyte for
ASS-LIB due to its high ionic conductivity at room tempera-
ture, good stability in the air [6], and simple way to prepare [7].
Some methods that have been investigated are the solegel
method, Pechini, co-precipitation, and solid-state reaction
[8]. The solegel method produced a high purity LLZO with
homogenous - small particles, however, the ionic conductivity
of the after sintered material is only 107 Scm1 with the
sintering temperature of 800

C [9]. Low ionic conductivity of
107 Scm1 is also found with the LLZO produced by the
Pechini method [9]. Meanwhile, even though the co-
precipitation method could produce LLZO with the conduc-
tivity of 104 Scm1, however, this method requires solvents
such as ammonium bicarbonate solution [10] which will be
costly for mass-production, and the presence of side products
is also being a problem. A solid-state reaction is a simple
method without any required solvent. Therefore, the pro-
duction cost can be reduced. The organic solvent e liquid
waste also can harm the environment especially when mass
production is applied.
A solid-state reaction with a sintering temperature of
1200

C under an air atmosphere has successfully produced
cubic garnet LLZO [7]. Meanwhile, a solid-state reaction with a
sintering temperature of 1000

C under an argon atmosphere
produced a tetragonal LLZO [11]. Both researchers used ZrO2
powder as Zr precursor, with the specification of ZrO2 powder
(Aldrich with >99% of purity) [7,12], and ZrO2 powder (TOSOH)
without any purity information. Both of the previous re-
searches did not inform the crystal structure of the ZrO2. Even
though, the heating treatment is an important factor to
determine the crystal structure of the product, including the
temperature and the heating atmosphere as well. However,
the crystal structure of the precursor may be another impor-
tant factor. It is known that zirconia, ZrO2 is formed within a
monoclinic structure at 1000

C and tetragonal at
1100e1200

C. Tetragonal ZrO2 has a smaller crystallite size
than the monoclinic one. Small crystallite size could decrease
the surface energy and reduce the internal stress allowing
lower surface energy. Surface energy is a driving force during
the sintering process [13], therefore crystal structure is an
important factor for the synthesis result.
Regarding the discussion above, this research investigated
whether the different crystal structures of ZrO2 affect the
Li7La3Zr2O12 synthesis, including its crystal structure, surfacemorphology, particle size, and its Liþ conduction. Monoclinic
ZrO2 powder and tetragonal ZrO2 powder were used by
applying a low sintering temperature of 1000 C under an Ar
atmosphere [11]. The sintering method was chosen according
to its lower temperature, which means lower cost, and to
investigate whether the result would be a single tetragonal
phase as mention previously [11] or it would depend on the
crystal structure of the precursors.2. Methods
Li7La3Zr2O12 was synthesized by a solid-state reaction from
La2O3 (95%, Merck), Li2CO3 (99%, Merck), and ZrO2 as pre-
cursors. Two types of ZrO2 used were monoclinic ZrO2 (m-
ZrO2) powder (procured from XFNANO, China), and ZrO2
powder (t-ZrO2) that was produced by caustic fusion of ZrSiO4
followed by heating at 1000 C [14]. Both ZrO2 powders were
analyzed by X-ray Diffraction (XRD) (PANalytical Expert Pro,
Cu radiation source), X-ray Fluorescence (XRF) (Bruker S2
Ranger). The Li2CO3 and ZrO2 were heated at 900

C for 1 h
before being used in the reaction. Then, a stoichiometric
weight of Li2CO3, La2O3, and ZrO2 (weighed by Analytic Bal-
ance BOECO, Germany, max weight of 120 g, and accuracy of
0.0001 g) was mixed in a ball mill (MSK-SFM-3) for 8 h and
450 rpm with isopropanol as a dispersant.
The heated powder of Li2CO3 was poured into the reaction
mixture at an extra 10% of stoichiometric weight to compen-
sate for Li vaporization during calcination. The mixture
powder was then calcined at 950

C for 6 h. After calcination,
the powder was re-milled within a ball milling for 12 h at 450
rpm. The resulted-powder was pressed with a hydraulic press
at 166 MPa, then was sintered at 1000

C in a tube furnace
(EDULab Indonesia) with a heating rate of 20 ± 2.5

C/min and
cooling rate of 20 ± 2.5

C/min [11]. Argon gas has flowed into
the furnace during heating treatment. The result was pellets
of LLZO from m-ZrO2 (LLZO(A)), and the LLZO from t-ZrO2
(LLZO(B)). The resultswere analyzed by X-ray diffraction (XRD)
(PANalytical Expert Pro) equipped with Le Bail refinement
within RIETICA software (a free edition) to understands the
specific peaks compared to the standard diffraction of LLZO,
surface morphology analysis, and elemental analysis with
Scanning Electron Microscope/Energy Dispersive X-ray (SEM/
EDX) (VEGA 3 TESCAN) and Raman analysis (BRUKER Senterra
Spectrometer, resolution of 4 cm1, excitation wavelength
source of 785 nm) to investigate the specific vibrations. Crys-
tallite size was calculated from XRD data by applying Scher-
rer's equation as follows (Eq. (1)),
d¼ kl
Bcosq
; B ¼ FWHM$ p
180
(1)
In which d is the mean crystallite size of the ordered
domain (nm), k is a dimensionless shape factor, l is the X-ray
wavelength (Cu radiation), 1.5409 A, B is line broadening at
Full-Width Half Maximum (FWHM) of the diffraction data, and
q is the Bragg angle [15].
Impedance analysis was conducted with an LCR meter
(EUCOL U-2826, 20 Hze5 MHz) by two methods of silver
blocking and a wafer of meso-carbon microbeads (mcmb)|
LLZO| LiCoO2 (LCO). The Li
þ ions conductivity was calculated
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within CS studio-5 a software of Corrtest Electrochemical
Workstation). Blocking impedance analysis was conducted by
paint a silver paste on both surfaces of the sintered-LLZO
pellet. The green pellet was made by a hydraulic press
(MELZER with pump Barton Tools, 0e40 MPa) at 5 metric tons
and followed by cold isostatic pressure (Shanghai Wenqi
Electric & Technology Co. Ltd, 0e40 MPa) at 20 MPa. The pellet
was then sintered at 900

C for 12 h. A silver wire was attached
with silver paste on both surfaces as the current collector.
The wafer of mcmb | LLZO | LCO was prepared by casting
mcmb slurry on Cu foil. The slurry was made by mixing the
mcmb powder 94.5 wt % with acetylene black 1 wt %, CMC
(Carboxy Methyl Cellulose), and styrene-butadiene rubber as
the binder. The slurry was cast on Cu foil at 100 mm thickness
and then dried within a vacuum oven at 120 C for 24 h [16].
LLZO slurry was prepared by mix the LLZO powder with Pol-
yvinilidenefluoride (PVDF, PT KGC Saintifik Indonesia) un-
derweight ratio of 94.5%: 5.5%. The mixture was dispersed in
N-methyl-2-pyrrolidine (NMP, PT KGC Saintifik Indonesia)
until homogenous [3]. The homogenous slurry was then cast
on Cu/MCMB by a tape casting method with a thickness of
0.32 ± 0.015 mm. After casting, the Cu/mcmb-LLZO was dried
in a vacuum oven at 60 C for 1 h. After cooled down to Room
Temperature (RT), the second LLZO layer was cast on the first
LLZO layer, and similarly was dried in a vacuum oven.
LiCoO2 slurry was made by mix the LiCoO2 powder (Sigma
Aldrich) with PVDF and acetylene black under a ratio of 7:2:1
with NMP as a dispersant. The mixture was mixed for a night
until homogenous and then was cast on Cu/mcmb | LLZO that
was made before, to produce a wafer of Cu/mcmb| LLZO| LCO,
then was dried within a vacuum oven at 60

C for 1 h. The
dried wafer was then punched with an electrode puncher to
produce a circle wafer with a diameter of 1 cm. After punch-
ing, the Cu foil could be easily detached frommcmb surface. A
silver wire was connected to themcmb side and LCO side with
silver paint and then was cured at 60

C for 1 h the full cell was
then vacuum wrapped and it was ready for analysis.
The asymmetric cell was made from the sintered-LLZO
pellet with lithium metal chips (KGC Saintifik, Indonesia) on
both sides. Before assembling the sintered pellet was polishedFig. 1 e XRD patterns of ZrO2(A) and ZrO2(B) compared with sta
tetragonal ZrO2 ICSD# 157621(a), and the optical images of eachwith SiC paper until reach 0.6mmof thickness. The symmetry
cell was assembled within a coin cell 2032 in an argon glove
box (stainless glove box series VGB-1, vacuum level 0.1 MPa)
An Ultra-high purity argon gas (procured from Samator Gas,
Indonesia) was used. After being rest for 4 h, an impedance
measurement (EUCOL LCR meter, 20 Hz-5 MHz) was con-
ducted. In this research, there was no heating treatment as it
was conducted by previous research [17]. a Galvanostatic
ChargeeDischarge (GCD) (Corrtest Electrochemical Worksta-
tion) was then applied to the coin cell with a time-basedmode,
in which 60 s charging and 60 s discharging under 0.2 mA of
current drawn. The GCD was conducted for 120 cycles (20-20-
40-40). After each cycle, a Cyclic Voltammetry (Corrtest Elec-
trochemical Workstation) test was conducted at 2 mV/s rates
within voltage range of 2e4 V vs Li/Liþ.3. Result and discussion
Zirconia powder used in this research has a different optical
view as shown by the picture inserted in Fig. 1, along with
their diffraction patterns. The diffraction patterns are
compared with the standard diffraction of monoclinic zirco-
nia ICSD#157403 and tetragonal ZrO2 ICSD#157621. Fig. 1
shows that the diffraction pattern of ZrO2(A) is in agreement
with monoclinic ZrO2, meanwhile, the diffraction pattern of
ZrO2(B) is in agreement with tetragonal ZrO2, however, a small
peak at 2q 27.8 is not fit with t-ZrO2. The peak is identified as
cubic Na2O based on a database of cubic Na2O diffraction mp-
2352 [18] under Cu radiation source. XRF analysis also con-
firms the presence of 13.36% Na within ZrO2(B) as listed in
Table 1. XRF analysis shows that Zr content in both is almost
similar i.e., 47.94% and 48.45% for ZrO2(A) and ZrO2(B),
respectively (Table 1).
ZrO2(B) was prepared by caustic fusion of concentrated-
zircon sand by applying a calcination temperature of 800

C.
Another research on preparing ZrO2 from Indonesian zircon
sand also found that at 800

C the zirconia formed within a
tetragonal structure [19]. Another study also found that
monoclinic and tetragonal structures are reversibly formed
under calcination temperature below 1170

C [20]. Le Bailndard diffraction of monoclinic ZrO2 ICSD # 157403 and
powder are depicted (b).
Table 1 e Elemental composition of ZrO2 (A) and ZrO2 (B)












Table 2 e The refinement result of ZrO2(A) and ZrO2(B).
Cell parameters ZrO2(A) ZrO2(B)
Crystal structure and
space group
monoclinic P 1 21/c 1 Tetragonal P 42/nmcS
a (A) 5.06 (0) 3.6022 (9)
b (A) 5.13 (0) 3.6022 (9)
c (A) 5.23 (0) 5.190 (2)
V (A3) 134.13 (0) 67.34 (3)
А 90.0 (0) 90.0 (0)
В 99.265 (4) 90.0 (0)
g 90.0 (0) 90.0 (0)
Rp (%) 5.32 6.89
Rwp (%) 5.53 7.54
Fig. 3 e XRD patterns of LLZO(A) and LLZO(B) compare with
t-LLZO ICSD#246816, c-LLZO ICSD#42259, and m-ZrO2
ICSD#157403.
Table 3 e The refinement result of LLZO(A) that proceed
well by submitting 3 phases of cubic LLZO ICSD#422259,
tetragonal LLZO ICSD#246816, and monoclinic ZrO2
ICSD#157403.
Cell parameters LLZO(A)1000
Structure/Space Group t- LLZO/




P 1 21/c 1
a (A) 13.165 (2) 13.068 (1) 5.151 (2)
b (A) 13.165 (2) 13.068 (1) 5.281 (5)
c (A) 12.642 (3) 13.068 (1) 5.387 (6)
А 90 90 90
В 90 90 99.13 (5)
g 90 90 90
% Molesse 88.18 10.97 2.85
Rp (%) 6.25
Rwp (%) 9.93
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ZrO2(A) and tetragonal structure for ZrO2(B) with the cell pa-
rameters as listed in Table 2, and Le Bail plots are depicted in
Fig. 2.
The Crystallite size of each ZrO2 was determined by the
Scherrer method, the results are 190.15 nm and 122.17 nm for
m-ZrO2 and t-ZrO2, respectively. This is in agreement with
another result that found the crystallite size of t-ZrO2 is
smaller than m-ZrO2 [13], as it is also shown in Table 2 in
which the volume cell of monoclinic ZrO2 is higher than the
tetragonal ZrO2.
XRD patterns of the prepared LLZO (A) and LLZO (B) are
depicted in Fig. 3, compared with the standard diffraction of
tetragonal LLZO ICSD#246816 and standard diffraction of
cubic LLZO ICSD#42259, and also with standard diffraction of
m-ZrO2 ICSD#157403. Le Bail refinement was conducted to
LLZO (A) and proceed well with 3 phases of t-LLZO, m-LLZO,
and m-ZrO2 with %moles of composition 88.18%, 10.97%, and
2.85%, respectively, as listed in Table 3. Meanwhile, the Le Bail
plots are depicted in Fig. 4. The mole ratio of cubic to tetrag-
onal (c/t) structure is 0.124. It implies a low cubic content LLZOFig. 2 e Le Bail plots of Zcompare to the tetragonal structure, meanwhile, it is known
that cubic structure provides higher lattice conductivity at RT
than the tetragonal structure [11,21,22]. The proposed reaction
mechanism is depicted in Eqs. (2) and (3).
Li2CO3ðsÞ!900
C
Li2OðsÞ þ CO2ðgÞ (2)rO2(A) and ZrO2(B).
Fig. 4 e Le Bail plots of LLZO(A) and LLZO(B).
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(3)
Meanwhile, Le Bail refinement of LLZO (B) did not proceed
well with 3 phases of t-LLZO, c-LLZO, and t-ZrO2. Two peaks at
2q of 23.5 and 29.8 were not matched. Further, searching
found that 23.5 is a specific peak of c-La2Zr2O7, meanwhile,
the peak at 29.8 belongs to triclinic-LiNaCO3. The refinement
results are listed in Table 4. Themole ratio c/t is 0.125, which is
surprisingly close to the c/t of LLZO(A).
The secondary phase LiNaCO3 was formed during calci-
nation at 950

C 6 h. XRF analysis as depicted in Table 1,
confirms the presence of sodiumwithin the ZrO2 powder. The
previous research found that sodium is present as disodium
oxide, Na2O [23]. During reaction at 950

C, the sodium oxide
reacted with carbon dioxide in the air, as proposed in the
chemical reaction (Eq. (4)). The sodium carbonate is then
involved within the reaction (Eq. (5)).
ZrO2ðsÞ þ Na2OðsÞ þ CO2ðgÞ /ZrO2ðsÞ þNa2CO3ðsÞ (4)
4:5Li2OðsÞ þ 2:5La2O3ðsÞ þ 5ZrO2ðsÞ þ 2Na2CO3ðsÞ/ Li7La3Zr2O12ðsÞ
þ La2Zr2O7ðsÞ þ ZrO2ðsÞ þ 2LiNaCO3ðsÞ þNa2OðsÞ
(5)
Sodium carbonate formation during heat treating reaction
was not occurred in the m-ZrO2, even though the powder also
has a sodium content of 15.12%. The surface of monoclinic
zirconia is known to be hydroxylated under ambient and inTable 4 e The refinement result of LLZO(B) that proceed well by
LLZO ICSD#246816, tetragonal ZrO2 ICSD#157403, La2Zr2O7 and
Cell parameters
Crystal Structure Space Group t- LLZO/P 41/a c d c-LLZO/Ia -3
a (A) 13.104 (1) 12.940 (4)
b (A) 13.104 (1) 12.940 (4)




% molesse 49.86 6.22
Rp (%) 1.91
Rwp (%) 4.33themost reactive atmosphere. The adsorbed-water molecules
were then dissociated forming a Tribridge OH at tricoordinate
oxygen of ZrO2 [24]. The hydroxylation reduces interaction
between Na content in the zirconia powder with CO2 in the air
to form sodium carbonate. The absence of Na2CO3 seems to
eliminate the production of LiNaCO3.
SEM images of the prepared-LLZO are depicted in Fig. 5.
The inserted images in Fig. 5 shows that LLZO (A) is a white-
smooth powder, meanwhile, LLZO (B) is a brown-smooth
powder. SEM analysis reveals a different surface morphology
of both, in which the LLZO (A) shows a rough surface of rod
shapes. Some are aggregates within a rough surface plate
allowing a heterogeneous particle size. Meanwhile, LLZO (B)
has a smooth surface morphology with some white spots of
different size.
Raman analysis resulted spectra described in Fig. 6. Peaks
at 100e150 cm1 are mainly of La vibrational bands, 107 cm1
and 121 cm1 are T2g and Eg La vibration [25]. The Li
þ ion
bonding region are revealing at 361 cm1 (T2g), 410 cm
1 (Eg/
T2g), and 514 cm
1 (T2g/Eg). Those Raman vibrations are in
agreement with cubic garnet LLZO I43d of space group [26]. A
peak at 640 cm1 belongs to ZreO stretching [27]. LLZO (A)
showsA1g t-LLZO at 640 cm1 [28]. Meanwhile, LLZO (B) shows
Eg symmetrical t-LLZO at 190 cm1 [25], and T2g t-LLZO at
712 cm1 [28]. LLZO (A) also presents a peak at 1090 cm1
belong to LiOH [29]. The peak also reveals at LLZO (B). It is
probably the rest of lithium precursor which made bonding
with hydroxide during calcination, as described by Eq. (6) [30].submitting 3 phases of cubic LLZO ICSD#422259, tetragonal
LiNaCO3.
LLZO(B)1000
d t- ZrO2 P 1 21/c 1 c-La2Zr2O7
Fd-3 m S
Triclinic-LiNaCO3P1
3.606 (2) 10.779 (2) 14.120 (3)
3.606 (2) 10.779 (2) 13.986 (2)
5.190 (4) 10.779 (2) 3.3102 (3)
90 90 88.82 (1)
90 90 91.21 (1)
90 90 118.839 (9)
0.39 28.75 14.78
Fig. 5 e SEM images of LLZO(A) and LLZO(B).
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[29] which probably formed during store the powder before
analysis. The reversible watermolecules adsorption to LiOH is
depicted in Eq. (7) [30].
Li2OþH2O⇔2LiOH ðat  400500 CÞ (6)
LiOHþH2O/LiOH:H2O (7)
The rest of the ZrO2 precursor also was detected within the
sample. As it is shown in LLZO (A) a peak at around 300 cm1
belongs to m-ZrO2 [31]. The presence of m-ZrO2 is in agree-
ment with XRD analysis which found around 2.85 mol % ofm-
ZrO2 exist within the LLZO (A) powder. Meanwhile, the
tetragonal ZrO2 precursor is also detected at 224 cm
1 and
636 cm1 [31] as it is also detected by XRD refinement the
presence of 0.85 mol % of t-ZrO2 within the LLZO (B) powder.
LLZO(B) also provides a peak at 980 cm1 which is expected to
be the vibration of linear carbonate, LiNaCO3. The vibrational
of linear carbonates are lying around 910e980 cm1 [32].
Impedance analysis by blocking method found Nyquist
plots as depicted in Fig. 7. Both materials show a singleFig. 6 e Raman spectra of LLZO (A) and LLZO(B).semicircle in which the impedance plot LLZO(B) falls into the
smaller impedance value. Fitting of the impedance data with
ZView (a software included within CS Studio 5, Corrtest Elec-
trochemical Workstation) proceed well by applying the ReC
network model as inserted in Fig. 7. The fitting result is lis-
ted in Table 5. The capacitance values of bothmaterials which
are 2.585  109 F and 6.048  109 for LLZO(A) and LLZO(B),
respectively, confirm that the impedance values representing
the grain boundary resistance. It is known that capacitance of
around 1.4  109 F is related to grain-boundary impedance
[14,33,34]. Both LLZO(A) and LLZO(B) have a (6) order of ionic
conductivity which are two orders lower than Al-doped-LLZO,
which is 4 104 Scm1 [35]. However, the order is close to the
Al-doped LLZOwhich was synthesized by the co-precipitation
method which is 2.80  106 Scm1 [36], in which Al compo-
sition was 0.24 mol% to ensure pure cubic LLZO. However,
material density seems to take a more significant role in the
conductivity, proven by higher density ~96e98% provide
higher ionic conductivity [35] than the lower density of ~80%
[36]. It is also explained by other researchers that crystal
microstructure including crystallite size, grain size, grain
boundary, and bulk density affect the ionic conductivity of
LLZO [25,37e39]. Even, Ta doped-LLZOwhich was synthesized
by co-precipitation method and was sintered at 1000e1100

C
Fig. 7 e The Nyquist plot of silver blocking electrode
LLZO(A) and LLZO(B) at room temperature.
Table 5 e The result of impedance data fitting of silver blocking electrode LLZO(A) and LLZO(B) at room temperature.
Materials Resistance (kU) CPE (Farads) Material thickness (cm) Active area of electrode (cm2) s (Scm1)
LLZO (A) 1219.190 ± 0.203 2.585  109 0.317 ± 0.001 0.209 ± 0.0019 1.245  106± 1.045  108
LLZO (B) 458.115 ± 0.225 6.048  109 0.145 ± 0.001 0.187 ± 0.0017 1.647  106± 6.429  109
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The density is 80% relative to the theoretical garnet LLZO [36].
Meanwhile, sintering at 1000

C under Ar flow for 6 h for these
two LLZO(A) and LLZO(B) in this research even produce lower
relative density LLZOwhich are 67.24% and 68.58% for LLZO(A)
and LLZO(B), respectively. Therefore, a study to increase the
electrolyte density is an important thing to do next.
Considering the microstructure of LLZO(A) and LLZO(B) as
well as the relative density of both which are almost similar,
LLZO(B) shows a higher ionic conductivity than LLZO(A), as
shown by Fig. 7 and Table 5. Even though the purity of LLZO(A)
is higher than LLZO(B) as shown by fewer phase content,
however the presence of LiNaCO3 seems to contribute to the
ionic conductivity. A study on a composite LiAlO3eLiNaCO3
solid electrolyte for solid oxide fuel cell found that Liþ, Naþ
and CO3
2 were mobile within the blocking silver system [40].
The AC impedance measurement analyzed all of the mobile
ions, including Mþ (Liþ, Naþ) and CO3
2 which may contribute
to the higher ion conductivity than others [40]. In addition,
sintering at 1000

C under Ar flow produced amajor tetragonal
phase whether withm-ZrO2 or t-ZrO2 as rawmaterial. Aminor
cubic phase was produced at both result with the cubic-
tetragonal ratio (c/t) almost similar i.e., 0.124 and 0.125 for
LLZO(A) and LLZO(B), respectively. Another research foundFig. 8 e Nyquist plots of wafer LCO-S
Table 6 e Fitting result of the impedance data of LCO-Solid Ele
Temperature (oC) Resistance of LCO-SE-mcmb
(U)
LLZO(A) LLZO(B) LLZ
RT 229.9 ± 0.023 28.24 ± 0.022 3.947
68.69 ± 0.004
50 161.0 ± 0.017 16.48 ± 0.035 8.960
73.52 ± 0.041
100 157.4 ± 0.017 22.86 ± 0.039 1.046
57.29 ± 0.041that Li7La3Zr2O12 synthesis through solegel technique, has
found formation of La2Zr2O7 pyrochlore as major phase at
700

C, and then further heating favors the pyrochlore LZ
reacted with the residual lithium and lanthanum oxide to
form tetragonal LLZO [12], which seems to occurred also in
this research. Meanwhile, argon atmosphere seems to keep
the CO3
2 availability within the system and increase the
possibility to react with other cations such as Naþ and Liþ to
form LiNaCO3 (Table 4).
To understand the ionic conduction between cathode and
anode material, a wafer of LCO-LLZO-mcmb was assembled
and the impedance was measured. The Nyquist plots are
depicted in Fig. 8 (a) (b), and the data are listed in Table 6 along
with their capacitance (CPE, Farads) and their specific resis-
tance (U cm2). The specific resistance decreases as the tem-
perature increases, in which at RT the specific resistance of
LCO-LLZO(B)-mcmb is 18.99 Ucm2, lower than the specific
resistance of LCO-LLZO(A)-mcmb which is 45.06 Ucm2. The
resistance is even lower than the resistance of symmetrical Li-
LLZO-Li at RT i.e., 500 Ucm2 [41] due to a thin-casted electro-
lyte that was vacuum dried seems to provided better contact
between LCO-LLZO (A/B)-mcmb. The capacitance values of
1.250  108 F and 1.000  1020 F corresponds to ionic con-
ductivity of grain boundary and grain with the specificE-mcmb at various temperature.
ctrolyte (SE)-mcmb at various temperature.
CPE (Farads) Specific resistance of LCO-
SE-mcmb (U cm2)
O(A) LLZO(B) LLZO(A) LLZO(B)
 109 1.250  108 45.06 ± 0.055 18.99 ± 0.022
1.000  1020
 1011 7.053  109 31.56 ± 0.028 17.64 ± 0.035
1.000  1020
 1010 2.822  1010 30.85 ± 0.016 15.71 ± 0.039
1.000  1020
Fig. 9 e Cyclic Voltammogram of Li-LLZO(B)eLi at before cycling scan rate 2 mV/s.
j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c hno l o g y 2 0 2 1 ; 1 5 : 2 7 2 5e2 7 3 42732conductivity value of 8.67  104 S/cm at RT. The bottom limit
of 20 Hz seems to be not small enough to reveals the electronic
resistance between SE-electrode, therefore there are no
diffusion tails reveal in the Nyquist plots (Fig. 8), as was found
by other researchers [42].
Based on its potential as solid electrolyte, it is important
to understand the electrochemical behavior of LLZO(B)
related to the Li and Liþ ions. A cyclic voltammogram (Fig. 9)
of the symmetrical cell Li-LLZO(B)eLi shows oxidation-
reduction started at 3.3 V and 3.4 V, respectively. The
inserted-Tafel plot of E vs log i confirms the redox potential
clearly.
The Galvanostatic-ChargeeDischarge curve as shown by
Fig. 10(a) and (b) are relatively symmetrical, indicates that theFig. 10 e Galvanostatic cycling at 0.2 mA with 60 s charginredox reaction on the electrode was reversible and the
capacitive characteristic was steady [43]. The second-and
third- 40 cycles are having a smaller capacity than the first-
40 round (Fig. 10(b)), confirming by a smaller curve area. It
confirmed the capacity degradation. Integrative data fitting
with CS Studio 5 found that the specific capacity, Q is
0.0372 ± 0.0001 Ccm2 at the 1st 40 cycles. It becomes
0.0299 ± 0.00012 Ccm2 during the 2nd-40 cycles and remains
constant during the 3rd-40 cycles. The low capacity of the
prepared LLZO indicates a further treatment to increase the
ionic conductivity of the LLZO is required before use as a solid
electrolyte for LIB. Some modifications can be done such as
single-doping with Ta [36], Gd [44], Ga [45], B [42,46], or double-
doping such as NbeY [47].g and 60 s discharging (a), and the magnified crop (b).
j o u r n a l o f m a t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 1 ; 1 5 : 2 7 2 5e2 7 3 4 27334. Conclusion
This research found that a different crystal structure of ZrO2
precursors produced similar LLZO structures which are
tetragonal and cubic, and surprisingly with a similar cubic-to
tetragonal ratio (c/t) of 0.124e0.125. However, different-
secondary phases are found. The presence of triclinic
LiNaCO3 phase within the LLZO synthesized from t-ZrO2
(LLZO(B)), seems to provide an advantage by a higher single-
LLZO ionic conductivity and also a lower specific resistance in
between anode and cathode material, i.e mcmb and LCO. The
prepared-LLZO(B) provides a reversible oxidation-reduction at
around 3.3 V vs Li/Liþ with a specific capacity, Q (Ccm2) drops
at around 16.6% after 40 chargeedischarge cyclings, and it
remains constant for the next 2nd- and 3rd- 40 cycles. It in-
dicates the need to improves its electrochemical properties
before being used as a solid electrolyte for lithium-ion
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